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predetermined potential. The read electrode is formed on the
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1
SOLID-STATE IMAGING DEVICE AND
METHOD OF CONTROLLING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a division of and claims the benefit of
priority under 35 U.S.C. §120 from U.S. Ser. No. 12/884,806
filed Sep. 17, 2010, and claims the benefit of priority under 35
U.S.C. §119 from Japanese Patent Application No. 2009-
285419 filed Dec. 16, 2009, the entire contents of each of
which are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a solid-
state imaging device and a method of controlling the same, for
example.

BACKGROUND

In a solid-state imaging device, such as a CMOS, an elec-
tron-hole pair is produced in a semiconductor substrate by
light that has passed through a filter, and only electrons are
accumulated in an N-type diffusion layer, which functions as
a charge accumulation portion, as disclosed in Jpn. Pat.
Appln. KOKAI Publication No. 2007-258684.

Recently, due to demand for increase in number of pixels
and reduction in optical size, the N-type diffusion layer tends
to be reduced in size. This results in reduction in the number
of electrons (hereinafter referred to as “number of saturated
electrons”) that may be accumulated in the N-type diffusion
layer, and deteriorates quality of a photographed image at the
time of playback.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a solid-state imaging device
according to a first embodiment;

FIG.2is ablock diagram of a sensor core portion according
to the first embodiment;

FIG. 3 is a plan view of a pixel according to the first
embodiment;

FIG. 41s a cross-sectional view ofthe pixel according to the
first embodiment;

FIG. 5 illustrates a read operation of a solid-state imaging
device according to a first embodiment;

FIG. 6 is a flowchart illustrating a data read operation
according to the first embodiment;

FIG. 7 is a graph illustrating a concentration distribution of
a solid-state imaging device according to the first embodi-
ment;

FIG. 8 is a cross-sectional view of a pixel according to a
second embodiment;

FIG. 9 is a cross-sectional view of a pixel according to the
second embodiment; and

FIG. 10 is a cross-sectional view of a pixel according to a
third embodiment.

DETAILED DESCRIPTION

Hereinafter, a first embodiment will be described with
reference to the accompanying drawings. In this description,
the common elements will be referred to by the common
reference numerals throughout the drawings.

In general, according to one embodiment, a solid-state
imaging device includes a semiconductor region, a first dif-
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2

fusion layer, a second diffusion layer, a third diffusion layer,
an insulating film, a potential layer, a read electrode. The
semiconductor region is a first conductivity type or a second
conductivity type. The semiconductor region includes a first
surface and a second surface facing the first surface. The first
diffusion layer is formed in the first surface of the semicon-
ductor region. The first diffusion layer is second conductivity
type. The first diffusion layer is doped such that a concentra-
tion becomes a maximum value in a position at a first depth
from the first surface of the semiconductor region. The charge
accumulation layer of the first conductivity type has a second
depth smaller than the first depth from an interface between
the first surface of the semiconductor region and a surface of
the first diffusion layer is formed when an electron produced
in the semiconductor region by light irradiated toward the first
surface from the second surface of the semiconductor region
is accumulated in the first diftusion layer which functions as
a charge accumulation portion. The second diffusion layer is
the first conductivity type, at least a portion of the second
diffusion layer contacting the first diffusion layer. The third
diffusion layer is the second conductivity type formed in the
first surface of the semiconductor region. The third diffusion
layer is formed in a position which faces the second diffusion
layer in respect to the first diffusion layer. The insulating film
is formed on the first surface of the semiconductor region. The
potential layer is formed on the insulating film corresponding
to the first diffusion layer. The potential layer has a predeter-
mined potential. The read electrode is formed on the insulat-
ing film in a position between the first diffusion layer and the
third diffusion layer.

First Embodiment

A solid-state imaging device and a method of controlling
the same according to the first embodiment will be described
below, with reference to FIG. 1. FIG. 1 illustrates a configu-
ration example of a solid-state imaging device according to
the first embodiment. In the embodiments that will be
described below, a solid-state imaging device of a back irra-
diation type will denote that of a back irradiation type, unless
otherwise noted.

As shown in FIG. 1, a solid-state imaging device 1 includes
apower module 2, a sensor core 3, a controller 5, and a lens 6.
The sensor core 3 includes a pixel module 4. Hereinafter, each
of the elements will be described in detail.

The power module 2 produces a plurality of predetermined
voltages, and applies the produced voltage to the sensor core
3 including the pixel module 4. The power module 2 is
capable of producing a negative voltage, and is capable of
supplying the produced negative voltage to the pixel module

The sensor core 3 includes a plurality of pixels (hereinafter
simply referred to as pixels) arranged in a matrix. In the pixel
module 4, a reset operation is performed on the pixels and a
signal read operation is performed on the selected pixel based
on the signals RESET and READ supplied from the control-
ler 5.

Next, a controller 5 will be described. The controller 5
generates an internal clock of the solid-state imaging device 1
based on a clock signal given from a master clock MCK. The
master clock MCK is a clock signal obtained by using a clock
(hereinafter referred to as an external clock), for example,
provided outside the solid-state imaging device 1 as a refer-
ence. Further, the controller 5 receives control data (shown as
DATA) for operating the overall system of the solid-state
imaging device 1 from the outside. The control data includes
a command, operation timing for operating the overall solid
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imaging device 1, and the like. More specifically, it is opera-
tion timing at which the power module 2 applies a negative
voltage to the pixel module 4 in reading a signal of light
received at the pixel module 4. Of the commands received
from the outside, the controller 5 gives the RESET signal and
the READ signal, for example, to the pixel module 4. Further,
the controller 5 performs a signal processing operation on the
signal read by the sensor core 3, and outputs the signal to the
outside.

The lens 6 receives light from the outside, lets the received
light pass through a decomposition filter, and then supplies
the light to the pixel module 4. This filter decomposes light
according to the RGB.

The solid-state imaging device may include a correlated
double sampling (CDS) circuit, an analog-to-digital conver-
sion circuit (hereinafter referred to as an ADC module), a
latch circuit, and a horizontal shift register, as well as the
sensor core 3 and the pixel module 4. In that case, the CDS
cancels the noise included in the signal read from the pixel
module 4. The analog-to-digital converter performs an ana-
log-to-digital conversion on the signal in which the noise has
been canceled by the CDS. Thereby, a digital signal of 10 bits,
for example, is obtained. Further, the latch circuit latches a
digital signal obtained in the ADC portion. The horizontal
shift register gives an instruction to read a digital signal
latched in the latch circuit.

Next, the pixel module 4 of the sensor core 3 will be
described in detail with reference to FIG. 2.

FIG. 2 is a block diagram of the sensor core 3.

<Pixel Module 4>

As shown in FIG. 2, (m+1) number of pixels are arranged
in the vertical direction in the pixel module 4, such that each
of'them is connected to a corresponding one of vertical signal
lines VLIN1 to VLIN(n+1) (where both of n and m are natural
numbers). That is, the pixel module 4 includes a plurality of
pixels 10 arranged in a matrix. Hereinafter, the vertical signal
line VLIN1 will be noted, and a description will be made with
regard to the pixel 10 arranged on a first line in the horizontal
direction crossing the vertical signal line VLIN1.

As shown, the pixel 10 includes MOS transistors Tb, Tc,
Td, and a photodiode PD. An electrode, not shown, is formed
in a cathode of the photodiode PD, and a negative voltage is
applied to the electrode from the power source 2. As will be
described later, after the negative voltage is applied to the
electrode, a capacitance is formed between the electrode and
the photodiode PD. That is, in the pixel 10 arranged on an
(m+1)th line in the horizontal direction crossing the vertical
signal line VLIN (n+1), a capacitance is formed. Each of the
capacitances has approximately the same characteristics.

A signal RESET1 given from the controller 5 is given to a
gate of MOS transistor Tc, a voltage VDD (of 2.8 V, for
example) is supplied to a drain terminal thereof, and a source
terminal thereof is connected to a connection node N1. That
is, MOS transistor Tc functions as a reset transistor config-
ured to produce a reset voltage that is used as a reference
voltage of a signal read from the photodiode PD.

A gate of MOS transistor Td receives a signal READI1
supplied from the controller 5, a drain terminal thereof is
connected to a connection node N1, and a source terminal
thereof is connected to a cathode of the photodiode PD. That
is, MOS transistor Td functions as a transistor designed to
read signal charges. It is to be noted that an anode of the
photodiode PD is grounded.

A connection node N1 is connected to a gate of MOS
transistor Tb, a voltage VDd is supplied to a drain terminal
thereof, and a vertical signal line VLINI is connected to a
source terminal thereof. That is, a gate of MOS transistor Tb,
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a source terminal of MOS transistor Tc, and a drain terminal
of MOS transistor Td are commonly connected via the con-
nection node N1. The connection node N1 is a node config-
ured to detect a potential. It is to be noted that MOS transistor
Tb functions as an amplification transistor designed to
amplify signals. MOS transistor Th may also be referred to as
a MOS transistor Amp.

The signal lines that transmit the signals RESET1 and
READI are commonly connected at the pixel 10 arranged in
the first line in the horizontal direction crossing the vertical
signal line VLIN. That is, the signal lines are the first line in
the horizontal direction crossing the vertical signal line
VLIN, and are commonly connected to each of the pixels 10
connected to a corresponding one of the vertical signal lines
VLIN1 to VLIN(n+1). The same applies to the second to
(m+1)th lines in the horizontal direction crossing the vertical
signal line VLIN.

The pixels 10 arranged in the same row are commonly
connected to one of the vertical signal lines VLIN1 to VLIN
(n+1) viaa source terminal of MOS transistor Tb. Hereinafter,
when the vertical signal lines VLIN1 to VLIN(n+1) are not
distinguished from one another, they will simply be referred
to as a vertical signal line VLIN.

Further, one of the signals RESET1 to RESET(m+1) and
the signals READ1 to READ(m+1) is commonly given to the
pixels 10 in the same row. Hereinafter, the signals RESET1 to
RESET(m+1) and the signals READ1 to READ(m+1) will
also be simply referred to as signals RESET and READ,
respectively, when they are not distinguished from one
another.

When the sensor core 3 includes a CDS circuit, an ADC
module, a latch circuit, and a horizontal shift register, the
CDS circuit, the ADC module, the latch circuit, and the hori-
zontal shift register are connected to each of the vertical
signal lines VLIN in FIG. 2.

<Configuration Example of Pixel 10>

Next, a configuration example of the pixel 10 included in
the solid-state imaging device according to the present
embodiment will be described, with reference to FIGS. 3 and
4. The cross-sectional configuration example shown in FIG. 4
is a cross-sectional view along direction A-A in FIG. 3. With
respect to a silicon substrate 20, the side on which an insu-
lating film 25 is formed will be referred to as a first direction,
and the opposite direction, i.e., the bottom surface of the
silicon substrate 20 will be referred to as a second direction.
As described above, a solid-state imaging device of a back
irradiation type will be described in the present embodiment.
That is, a description will be made with reference to a solid-
state imaging device of a back irradiation type, in which a
light reception surface is formed on a substrate surface (bot-
tom side) opposite to a top surface (top side) of the semicon-
ductor substrate on which MOS transistor Tb is formed. That
is, the side opposite to the side on which a semiconductor
element is formed is the side exposed to the incident light, and
becomes a back surface. Hereinafter, a description will be
made with reference to a plan configuration example of the
substrate surface.

As shown in FIG. 4, the pixel 10 is arranged in an active
area AA and on a top surface of the silicon substrate 20. The
silicon substrate 20 is a p-type semiconductor substrate in
which impurities, such as Boron, are doped. The silicon sub-
strate 20 may be an epitaxially grown epitaxial layer (here-
inafter also referred to as a semiconductor region 20).

Further, an element separation band (shown as ST in FIG.
3) dividing the element separation region is provided so as to
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surround the active area AA (shown as AA in FIG. 3). The
silicon substrate 20 may be an n-type in which phosphorous,
for example, is doped.

On the silicon substrate 20, potential layers, such as an
electrode 26 and an electrode 27, are formed at an interval of
a width wl.

Ann-type diffusion layer 24 forming the pixel 10 is formed
directly below the electrode 26. The electrode 27 functions as
aread gate of MOS transistor Td, configured to read electrons
accumulated in the n-type diffusion layer 24 to a floating
diffusion layer 23. Hereinafter, the electrode 27 may be
referred to as a read electrode. The electrode 26 is polycrys-
talline silicon, a metal silicide obtained by bonding a portion
of polycristalline silicon with a metal, such as CoSi, TiSi and
NiSi, or a metal material such as Cu, Al, and W. Further, as
shown, the pixel pitch P is common in the direction of the
vertical signal line VLIN per pixel unit according to the
present embodiment.

Further, gate electrodes (shown as Tb (Amp) and Tc (Rese)
in FIG. 3) forming a reset transistor Tc and an amplification
transistor Th, respectively, are formed on the active area AA.
That is, impurity diffusion layer, not shown, configured to
function as a source and drain of the transistors Tc, Tb, is
formed on the top surface of the active area AA.

Next, a cross-sectional configuration example of the pixel
10 will be described, with reference to FIG. 4.

As shown in FIG. 4, an n-type diffusion layer 24, which
functions as a charge accumulation portion configured to
accumulate electrons produced in the semiconductor sub-
strate, is formed on the top surface of the semiconductor
substrate 20 (on the first direction side) formed of p-type
silicon, for example, by doping boron, for example. The bot-
tom surface of the n-type diffusion layer 24 is positioned
deeper than the top surface of the semiconductor substrate 20
by w2 (>w1) toward the second direction.

A p-type diffusion layer 21 is formed in the semiconductor
substrate 20 so as to be adjacent to the n-type diffusion layer
24. At least a portion of the diffusion layer 21 is grounded.
That is, the diffusion layer 21 has zero potential. The diffusion
layer 21 functions as a supply source that forms a hole accu-
mulation layer, which will be described later. Further, the
diffusion layer 21 functions as an element separation region.

Further, an n-type diffusion layer 23, which functions as a
floating diffusion layer, is formed on the top surface of the
semiconductor substrate 20. A p-type diffusion layer 22 is
formed on the semiconductor substrate 20 so as to contact the
bottom surface of the diffusion layer 23.

An insulating layer 25 is formed on the semiconductor
substrate 20, and an electrode 26 is formed such that the
diffusion layer 24 is formed directly below the electrode 26.
Further, a negative voltage of approximately -1 V, for
example, supplied from the power source 2 is applied to the
electrode 26. Further, an electrode 27 is formed on the insu-
lating film 25 and adjacent to the electrode 26 at an interval of
the width wl. A signal READ of a positive voltage supplied
from the controller 5 is applied to the electrode 27.

<Read Operation>

Next, a method of reading light received by the solid-state
imaging device 1 via the photodiode PD will be described,
with reference to FIGS. 5 and 6. FIGS. 5 and 6 illustrate an
operation of reading electrons included in the electron-hole
pair produced in the semiconductor substrate 20 using light
that has passed through the lens 6, not shown, and divided by
the filter, to the outside via the transistor Td. The timing of the
voltage applied to the electrodes 26, 27 is controlled by the
controller 5.
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(Step S1)

First, anegative voltage of approximately -1V is applied to
the electrode 26 by the power source 2, at least during light
reception. Thereby, a hole induced by the diffusion layer 21
set to zero potential moves to an interface between the diffu-
sion layer 24 and the insulating film 25, in other words, to an
interface between the upper surface of the semiconductor
substrate and the insulating film 25 (S1 in FIGS. 5 and 6).

Thereby, a depletion layer is produced between the hole
induced in an interface between the diffusion layer 24 and the
insulating film 25 and the diffusion layer 24. Hereinafter, the
layer of the holes induced by the interface of the semiconduc-
tor substrate 20 will be referred to as a hole accumulation
layer, or a charge accumulation layer (layer in which holes are
accumulated). It is to be noted that the hole accumulation
layer has a very small depth (thickness) in the second direc-
tion, and is formed only in the interface of the semiconductor
substrate 20. More specifically, the width of the hole accu-
mulation layer is set to be approximately 0.01 to 0.05 pm. As
a result thereof, if the negative voltage takes a certain value,
the value of the accumulation capacity of the depletion layer
becomes a value determined according to the width of the
depletion layer. That is, the number of electrons that may be
accumulated in the depletion layer is proportional to the value
of the accumulation capacity of the depletion layer, and the
number of electrons increase as the value of the accumulation
capacity increases. Further, the concentration of the hole
accumulation layer varies according to the size of the voltage
applied to the electrode 26. That is, as the value (absolute
value) of the negative voltage applied to the electrode 26
increases, the concentration of the hole accumulation layer
increases.

(Step S2)

Next, light is received along the first direction from the
back surface of the substrate 20, i.e., from the back surface
side of the semiconductor substrate 20, and thereby electrons
included in the electron-hole pairs produced in the semicon-
ductor substrate 20 move to the diffusion layer 24 (S2 in
FIGS. 5 and 6). This is because of the electric field and
thermal diffusion produced in the semiconductor substrate
20. The produced electrons are accumulated in the diffusion
layer 24 in which the depletion layer is formed.

(Step S3)

After step S2, a pulsed positive voltage (signal READ) in
the form of a pulse is applied to the electrode 27 via the power
source 2, while a negative voltage is applied to the electrode
26. Thereby, a channel is formed directly below the electrode
27 and on the top surface of the semiconductor substrate 20.
As aresult thereof, the electrons accumulated in the diffusion
layer 24 are read to the outside via the diffusion layer 23, via
a channel formed directly below the electrode 27 (S3 in FIGS.
5 and 6). Thus, the light received by the pixel 10 is read to the
outside as charge. It is to be noted that the hole accumulation
layer induced in the interface between the diffusion layer and
the insulating film 25 when the electrons are accumulated in
the diffusion layer is formed in continuation during steps S1
to S3. In other words, the hole accumulation layer is formed
during steps S1 to S3, when a negative voltage is applied to
the electrode 26.

<Concentration Distribution on the Top Surface of the
Semiconductor Substrate 20>

Next, the concentration distribution on the top surface of
the semiconductor substrate 20 will be described with refer-
ence to FIG. 6, when a negative voltage is applied to the
electrode 26 in FIG. 5. More specifically, concentration dis-
tribution of carriers, such as holes and electrons, in the diffu-
sion layer 24 and the interface between the diffusion layers 24
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and the insulating film 25 will be described. FIG. 6 is a graph
illustrating the concentration distribution of holes and elec-
trons in a cross-sectional view along direction B-B'in FIG. 5.
The vertical axis shows the concentration, and the lateral axis
shows the position in cross section B-B'. Position B is on the
top surface of the semiconductor substrate 20.

As shown in FIG. 6, when a negative voltage is applied to
the electrode 26, a hole accumulation layer is produced on the
entire interface between the diffusion layer 24 and the insu-
lating film 25 on the top surface of the semiconductor sub-
strate 20. In other words, the hole concentration is distributed
in the shape of a 6 function between positions B and B1.
Further, as described above, the width of the hole accumula-
tion layer formed from position B to position B1 is approxi-
mately from 0.01 to 0.5 um. Position B2 indicates the peak of
the concentration of electrons in the diffusion layer 24. The
width of the depletion layer is determined by the distance
between the position indicating the peak of the hole concen-
tration and the position indicating the peak of the electron
concentration. That is, the interval between positions B1 and
B2 is the depletion layer width, as shown in FIG. 6. The
accumulation capacity is determined by the depletion layer
width. That is, when the value of the depletion layer width
decreases, the concentration of electrons that may be accu-
mulated in the diffusion layer 24 increases.

Advantageous Effects of the Present Embodiment

According to the solid-state imaging device and a method
of controlling the same, the quality of a playback screen may
be improved.

Advantageous effects of the solid-state imaging device and
a method of controlling the same according to the present
embodiment will be described, compared to the conventional
solid-state imaging device.

For example, assume a configuration of a conventional
solid-state imaging device in which a p-type diffusion layer
and an electrode 26 is not formed on the diffusion layer 24
shown in FIG. 4 and in the semiconductor substrate 20. Here,
the diffusion layer refers to a region in which the semicon-
ductor is doped with impurities and has polarity. In this con-
figuration, assume that this diffusion layer is not formed and
only an n-type diffusion layer 24 is formed on the top surface
of the semiconductor substrate 20. When electrons produced
in the semiconductor substrate 20 during light reception are
accumulated in the diffusion layer 24, a depletion layer is
produced in the interface between the semiconductor sub-
strate 20 and the insulation film 25 and in the vicinity thereof,
and a dark current is produced due to the depletion layer. The
dark current refers to a current that flows due to production of
electrons and holes in the semiconductor substrate 20 even in
the period (hereinafter referred to as a dark period) when a
photodiode PD does not receive light. That is, a current flows
even during the dark period due to the flow of electrons, and
becomes the cause of noise. One of the concrete reasons for
production of the dark current is considered to be difference
in the discontinuous configuration in the interface between
the semiconductor substrate 20 and the insulating film 25
(such as an oxide film). More specifically, one of the regions
interposing the interface is made of silicon, which has a stable
configuration, and the other region is formed by bonding
silicon and oxide in an amorphous form. That is, in that
interface, a regular bonding state may not be maintained, and
an unstable state in which the silicon atom in the semicon-
ductor substrate 20 region does not have a partner to bond to,
i.e., adangling bond forms a level in the center of the band gap
of Si. Thereby, the atom that may not find a partner, or a
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dangling bond is produced and becomes a recombination
center. The production and the recombination center help
thermal excitation, for example, of electrons existing in the
valency electron band. Thereby, electrons excited by the
valency electron band excite to a conduction band via the
production and the recombination center. That is, holes from
which electrons are omitted are produced in the valency elec-
tron band, and electrons exist in the conduction band. The
electrons produced in the interface via the production and the
recombination center are accumulated in the distribution
layer 24. By thus receiving light, a dark current is produced
besides the electrons produced in the semiconductor substrate
20 (which will be referred to as Problem 1).

In order to prevent the production of the dark current, the
conventional solid-state imaging device forms a p-type dif-
fusion layer (not shown), in which holes made of boron, for
example, are doped, in the semiconductor substrate 20.
Thereby, production of electrons from the depletion layer is
suppressed in the interface of the semiconductor substrate 20,
and thereby the dark current is prevented.

When the p-type diffusion layer is formed such that the
diffusion layer 24 is arranged directly below the p-type dif-
fusion layer, however, it is difficult to adjust the concentration
peak of the diffusion layer 24 in the interface contacting the
diffusion layer 24. Accordingly, the length of an electric flux
line (electric field) traveling from the holes toward the elec-
trons increases, and thereby the accumulation capacity may
not be increased. That is, since the accumulation capacity is
small, the number of saturated electrons in the diffusion layer
24 decreases, and thereby the signal-to-noise ratio decreases
in the case where a bright target is photographed, for example.
More specifically, the noise included in an image obtained by
photographing a bright target is determined by light shot
noise. The noise in the light shot noise may be expressed by
v, where the number of electrons accunulated in the photo-
diode PD (the diffusion layer 24 in this case). That s, since the
signal-to-noise ratio is expressed by n/Vn, the signal-to-noise
ratio decreases as the number of saturated electrons
decreases. This results in the problem that the quality of a
photographed image deteriorates (which will be referred to as
Problem 2).

In the present embodiment, on the other hand, Problems 1
and 2 may be prevented. According to the solid-state imaging
device and a method of controlling the same, the diffusion
layer 21 is grounded, and a negative voltage is applied to the
electrode 26. Thereby, the potential of the diffusion layer 21
may be made higher than the electrode 26. Thereby, the holes
induced from the diffusion layer 21 may be formed directly
below the electrode 26 and on the upper surface of the diffu-
sion layer 24, and a hole accumulation layer is formed.
Accordingly, production of a dark current on the top surface
of'silicon (Si) is prevented. That s, it is possible to reduce the
noise, and to improve the quality of a playback screen. It is
thereby possible to prevent Problem 1.

The width of the hole accumulation layer is smaller than
the depth of the p-type diffusion layer formed in the conven-
tional solid-state imaging device in the second direction.
More specifically, the depth of the conventional p-type diffu-
sion layer in the second direction ranges from 0.10to 0.5 um.
On the other hand, the depth of the solid-state imaging device
in the second direction according to the present embodiment
is Vio of the conventional one. As a result, the width of the
depletion layer becomes smaller than the depletion layer in
the conventional solid-state imaging device. Thereby, the
accumulation capacity of the diffusion layer 24 increases.
Thereby, even if miniaturization of the pixels 10 is enhanced
and the region (area) of the hole accumulation layer formed
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on the top surface of the substrate 20 is decreased, the capac-
ity per unit area increases, and therefore the number of satu-
rated electrons in the diffusion layer 24 increases. Thereby,
the signal-to-noise ratio increases. That is, Problem 2, i.e.,
deterioration of the quality of photographed images may be
prevented.

Further, according to the solid-state imaging device and a
method of controlling the same of the present embodiment, a
distance w1 between the electrode 27 and the electrode 26 is
shorter than a depth w2 of the diffusion layer 24 forming the
photodiode PD. Accordingly, when a pulsed signal READ is
applied to the electrode 27 and electrons accumulated in the
diffusion layer 24 are read, the region of the substrate 20 in
which the potential is modulated by the electrode 27
approaches the region of the diffusion layer 24. As a result
thereof, all the electrons accumulated in the diffusion layer 24
may be easily read.

It is to be noted that the voltage applied to the electrode 26
by the power source 2 does not need to be a negative voltage,
and it only needs to be capable of applying a voltage lower
than the potential of the diffusion layer 21 to the electrode 26.
That is, the voltage applied to the electrode 26 only needs to
be a voltage capable of inducing holes from the diffusion
layer 21 to the upper surface of the diffusion layer 24.

Further, the solid-state imaging device according to the
present embodiment is a back irradiation type. That is, the
light incident direction shown in FIG. 5 is the first direction.
Accordingly, even if a material with a low light transmittance
is used as the electrode 26, the amount of light made incident
on the diffusion layer 24 does not attenuate.

Second Embodiment

Next, the solid-state imaging device and a method of con-
trolling the same according to the second embodiment will be
described. In the solid-state imaging device and a method of
controlling the same according to the second embodiment, an
electrode 26 is formed of a transparent electrode (a transpar-
ent electrode 40, which will be described later) formed of an
indium tin oxide (ITO) film, for example, capable of trans-
mitting received light. That is, the light reception direction
may be from the back surface, as in the case of the first
embodiment, or from the top surface side. Further, the nega-
tive potential that is applied to the electrode 26 in step S3 in
the read operation in the first embodiment is stopped when the
negative potential is transferred to a channel formed directly
below the electrode 27.

Hereinafter, only the structures and operations different
from those of the first embodiment will be described.

A solid-state imaging device according to the present
embodiment is shown in FIG. 8. FIG. 8 is a cross-sectional
view along direction A-A of the pixel 10 shown in FIG. 2. As
shown in FIG. 8, the solid-state imaging device of the present
embodiment has a configuration in which the transparent
electrode 40 is provided, instead of the electrode 26. The
transparent electrode 40 is formed of an indium tin oxide
(ITO) film, for example. The transparent electrode 40 has
transmittance with respect to visible light of approximately
400 to 700 nm.

In the solid-state imaging device and a method of control-
ling the same according to the present embodiment, it is
possible to stop application of a negative voltage to the trans-
parent electrode 40 and to cause a power module 2 to apply a
pulsed positive voltage (signal READ) to the electrode 27.

Asinthe case of the first embodiment, electrons are excited
directly below the electrode 27 and the top surface of the
semiconductor substrate 20. That is, a channel is formed.
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Since application of a negative voltage to the transparent
electrode 40 is stopped, a hole accumulation layer that has
been excited directly below the transparent electrode 40 and
in the interface of the diffusion layer 24 is diminished.

As a result thereof, electrons accumulated in the diffusion
layer 24 are read to the outside via the channel. The period
during which the negative voltage applied to the transparent
electrode 40 is stopped is the period during which the pulsed
positive voltage is applied to the electrode 27. At least, the
period (period during which OV is applied to the transparent
electrode 40) during which a negative voltage is not applied to
the transparent electrode 40 and the period during which a
pulsed positive voltage is applied to the electrode 27 needs to
be overlapped with each other.

Even during the period when a pulsed positive voltage is
applied to the electrode 27, a negative voltage of approxi-
mately —1 V may be applied to the transparent electrode 40.
That is, the operation of the present embodiment may be
applied even in the configuration of the first embodiment.

The above-described hole accumulation layer excited in
the interface of the semiconductor substrate 20 when elec-
trons are accumulated in the diffusion layer 24 is formed
during steps S1 and S2. In other words, the hole accumulation
layer is formed during the period of steps S1 and S2, when a
negative voltage is applied to the transparent electrode 40.

Advantageous Effects of the Present Embodiment

In the solid-state imaging device and a method of control-
ling the same according to the present embodiment, advanta-
geous effects as may be obtained from the first embodiment
may be obtained. That is, even when a negative voltage of
approximately -1V is applied to the transparent electrode 40,
ahole accumulation layer may be formed on the top surface of
the semiconductor substrate 20 and in the interface between
the diffusion layer 24 and the insulating film 25. Since the
hole accumulation layer formed thereby has a concentration
as high as the first embodiment, and is thinner than the con-
ventional ones, the accumulation capacity of the photodiode
PD increases. Thereby, even if miniaturization of the solid-
state imaging device is enhanced, it is possible to suppress
deterioration of the signal-to-noise ratio, and to prevent dete-
rioration of the image of the target.

While the transparent electrode 40 is arranged on the insu-
lation film 25 such that the diffusion layer 24 is arranged
directly below the transparent electrode 40 in FIG. 8, the
transparent electrode 40 may be formed on the entire surface
of'the insulating film 25 including the electrode 27, as shown
in FIG. 8. In that case, it is necessary to form an insulating film
28 so as to surround the electrode 27, such that a short is not
caused in the electrode 27 and the transparent electrode 40.

FIG. 9 is a cross-sectional view along direction A-A ofthe
pixel 10 in the solid-state imaging device according to the
present embodiment. In this case, too, the above-described
advantageous effect may be obtained.

Further, according to the solid-state imaging device and a
method of controlling the same of the present embodiment,
application of a negative voltage to the transparent electrode
40 is stopped during the period when a pulsed positive voltage
is applied to the electrode 27, as described above. Since the
concentration of the hole accumulation layer accumulated in
the region positioned directly below the transparent electrode
40 and in the interface of the substrate 20 noticeably
decreases, the potential of the substrate 20 directly below an
end portion (the one closer to the side of the transparent
electrode 40) in a gate width direction of the electrode 27 is
easily modulated by the electrode 27. Thereby, signal elec-
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trons accumulated in the diffusion layer 24 may be further
easily transferred, and the electrons accumulated in the dif-
fusion layer 24 will not remain. That is, since the problem of
the residual image, for example, does not occur when elec-
trons do not remain in the diffusion layer 24, image quality
may be improved especially in the dark period.

Further, as described above with reference to FIG. 8, since
the transparent electrode 40, capable of letting visible light
pass through is used in the solid-state imaging device shown
in FIG. 9, the above-described configuration is applicable to
the conventional top irradiation type, as well as a back irra-
diation type.

Third Embodiment

Next, a solid-state imaging device and a method of con-
trolling the same according to the third embodiment will be
described. In the solid-state imaging device according to the
present embodiment, an insulating film 41, for example, is
formed instead of the first and second electrodes 2 and the
transparent electrode 40. The insulating film 41 is a potential
layer formed of a potential layer having transmittance against
visual light of approximately 400 to 700 nm and including a
negative solid-state charges, such as a film formed of hatnium
oxide. Hereinafter, only the configuration different from
those of the first and second embodiment will be described.

Next, a solid-state imaging device according to the present
embodiment will be described with reference to FIG. 10. FIG.
10 is a cross-sectional view along direction 10-10 of the pixel
10 in FIG. 2. As shown in FIG. 9, the solid-state imaging
device according to the present embodiment has a configura-
tion in which an insulating film 41 including a negative solid-
state charges is provided, instead of the electrode 26 or the
transparent electrode 40. That is, the insulating film 41 has a
negative potential with respect to the diffusion layer 21.
Accordingly, even if a negative voltage is not supplied from
the power source 2, as described in the first and second
embodiments, a hole accumulation layer may be excited on
the top surface of the semiconductor substrate 20 and in the
contact interface between the diffusion layer 24 and the insu-
lating film 25. That is, since a hole accumulation is always
produced even if a negative voltage is not applied, electrons
produced in the semiconductor substrate 20 by receiving light
are accumulated in the diffusion layer 24. Since configura-
tions other than the electrode 26 and the transparent electrode
40 and the read operation of the solid-state imaging device,
other than the application of a negative voltage to the elec-
trode 26 and the transparent electrode 40 according to the
present embodiment is the same as those of the first and
second embodiment, description of such a configurations will
be omitted.

Advantageous Effects of the Present Embodiment

According to the solid-state imaging device and the
method of controlling the same of the present embodiment,
the advantageous effects as may be obtained from the first
embodiment may be obtained. That is, even when the insu-
lating film 41 including a negative fixed charge is used instead
of the electrode 26 and the transparent electrode 40, a hole
accumulation layer may be formed on the top surface of the
semiconductor substrate 20 and in the interface between the
diffusion layer 24 and the insulating film 25. Since the formed
hole accumulation layer has a concentration as high as that of
the first embodiment and is thinner than the conventional one,
the accumulation capacity of the photodiode PD increases.
Thereby, even if miniaturization of the solid-state imaging

15

35

40

45

55

12

device is enhanced, it is possible to suppress deterioration in
the signal-to-noise ratio and to prevent deterioration of the
image of the target.

In FIG. 10, the insulation film 41 is formed on the insula-
tion film 25 so as to partially cover the electrode 27. The
insulation film 41, however, may be arranged on the insula-
tion film 25 such that the diffusion layer 24 is arranged
directly below the insulation film 41 in a position apart from
the electrode 27 by the width w1. Since it is difficult to form
the insulating film 41 and the electrode 27 in a self-aligning
manner and the insulation film 41 may partially cover the top
surface of the electrode 27, the configuration shown in FIG.
10 is often adopted.

Further, as in the case of the second embodiment, since the
insulating film 41 having transmittance against the visual
light of approximately 400 to 70 nm is used, the present
embodiment is applicable to a conventional top irradiation
type, as well as a back irradiation type.

Further, as described above, the operation of the second
embodiment is applicable to the configuration of the first
embodiment. That is, in the first embodiment, a pulsed posi-
tive voltage may be applied by the power source 2 to the
electrode 27, while application f a negative voltage to the
electrode 26 is stopped. That is, when electrons are accumu-
lated in the diffusion layer 24, that is, during the period of
steps S1 and S2, a hole accumulation layer is excited in the
interface of the semiconductor substrate 20. In other words,
this hole accumulation layer is formed during the period of
steps S1 and S2, when a negative voltage is applied to the
electrode 26. In that case, even in the first embodiment, the
advantageous effect as may be obtained from the second
embodiment may be obtained. That is, since electrons will not
remain in the diffusion layer 24, and thereby the problem of
the residual image, for example, does not occur, image quality
may be improved especially in a dark-period image.

Further, the hole accumulation layer has been described
above as formed by accumulating holes by applying a nega-
tive voltage to the electrode 26, but a p-type diffusion layer
may be formed on the top surface of the diffusion layer 24,
and thereby holes may be accumulated on the top surface of
the diffusion layer 24.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A solid-state imaging device comprising:

a pixel which includes a photodiode, a potential layer, and
a read transistor, the photodiode carrying out photoelec-
tric conversion on received light and receiving an elec-
tron, the potential layer being provided in a cathode of
the photodiode, the read transistor transferring the elec-
tron subjected to photoelectric conversion by the photo-
diode to a floating diffusion layer; and

a power module which transfers a voltage to the potential
layer,

wherein the voltage is a negative voltage,

the negative voltage is applied to the potential layer during
a period in which the electron generated in the photo-
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diode by receiving light is accumulated in the photo-
diode, and

the negative voltage is not applied to the potential layer

during reading of the electron accumulated in the pho-
todiode.

2. The device according to claim 1, wherein the photodiode
includes a first diffusion layer formed in a semiconductor
region surface of a first or second conductivity type,

the first diffusion layer is formed to a position at a first

depth from the semiconductor region surface, and

a distance between the read electrode and the potential

layer included in the read transistor is smaller than the
first depth.

3. The device according to claim 2, wherein the first diffu-
sion layer is doped such that a concentration becomes a maxi-
mum value in a position at a second depth from the semicon-
ductor region surface, the second depth being smaller than the
first depth, and

a charge accumulation layer of the first conductivity type is

formed when the electron produced in the semiconduc-
tor region by light irradiated toward the semiconductor
region is accumulated in the first diffusion layer which
functions as a charge accumulation portion, the charge
accumulation layer having a third depth smaller than the
second depth from an interface between the semicon-
ductor region surface and the surface of the first diffu-
sion layer.

4. The device according to claim 3, wherein when the
negative voltage is applied to the potential layer, a capaci-
tance is formed between the potential layer and the photo-
diode, and
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the capacitance is formed by the charge accumulation layer

of the first conductivity type and the first diffusion layer.

5. The device according to claim 4, wherein a value of the
capacitance is determined according to a distance between
the third depth at which the charge accumulation layer of the
first conductivity type is formed and the second depth.

6. The device according to claim 2, wherein the first diffu-
sion layer is doped such that a concentration becomes a maxi-
mum value in a position at a second depth from the semicon-
ductor region surface, the second depth being smaller than the
first depth, and

a charge accumulation layer of the first conductivity type is

formed when the electron produced in the semiconduc-
tor region by light irradiated from back surface of the
semiconductor region is accumulated in the first diffu-
sion layer which functions as a charge accumulation
portion, the charge accumulation layer having a third
depth smaller than the second depth from an interface
between the semiconductor region surface and the sur-
face of the first diffusion layer.

7. The device according to claim 6, wherein the potential
layer is a transparent conductive film, the incident light is
capable of passing through the transparent conductive film,
and

a second voltage is applied to the read electrode after a first

voltage applied to the transparent conductive film is
stopped, the first voltage being a voltage smaller than a
voltage of a second diffusion layer contacting the first
diffusion layer and being the negative voltage, the sec-
ond voltage being a positive voltage.
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